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Abstract

Several oceanic operational programs use remotely sensed fluxes to complement atmospheric
operational analyses from major national weather prediction centers. The main goal of this
study is to evaluate the ability of the ORCA ocean model to correctly simulate the dynamic of
the tropical Pacific Ocean 1996-1998 when forced by the satellite turbulent fluxes (wind
stress and latent heat fluxes). The results are compared with the oceanic response resulting
from forcing the model with the European Centre for Medium-Range Weather Forecasts
(ECMWF) operational analysis. Three sensitivity simulations forced with satellite and
atmospheric analysis fields are performed. The control experiment is forced with the ECMWF
fluxes. The solutions of these simulations are compared with data from the Tropical
Atmosphere-Ocean (TAO) buoys and from Reynolds and Smith (1994) sea surface
temperatures analysis in the equatorial Pacific Ocean. The analysis results indicate that the
model reproduces well the major spatial and temporal oceanic structures including the main
characteristics of the 1997-1998 El Nifio. More specifically, the comparisons with buoys
indicate that the experiment forced by the winds and the satellite latent heat fluxes is closer to
the observations. They provide weak RMS difference and strong correlations along the whole
500 m depth column. Furthermore, the correlations with the SST analysis vary between 75%
and 95% compared to 65% and 77% for the experiment forced by ECMWF fluxes. The

currents in the first 350 m also show a strong sensitivity to satellite turbulent fluxes.



1. Introduction

One of the tasks of operational oceanography is to use a numerical model to simulate and
forecast the oceanic general circulation on various spatial and temporal scales. The modeling
of the oceanic circulation requires accurate knowledge of the turbulent fluxes exchanged at
the ocean-atmosphere interface. The main surface fluxes involved in this exchange are the
momentum flux (wind stress), the turbulent heat fluxes (latent and sensible) and the fresh
water fluxes (evaporation and precipitation). Operational oceanic programs like the European
MERCATOR (www.mercator-ocean.fr), MFSTEP (www.bo.ingv.it/mfstep), and MERSEA
(www.mersea.eu.org) routinely use forcing fields from the ECMWF operational analysis.
These fluxes generally have good temporal resolution but poor spatial resolution (about 250
km). Therefore, they do not accurately represent small-scale phenomena (meso-scales), which
have a space resolution of about 25 to 100 km. The operational oceanic programs, mentioned
above, consider that the remotely sensed fluxes should be used as complementary and/or
alternative data source to the ECMWF forcing function. Actually, the sampling of the satellite
data allows enhancing the spatial resolution of surface fluxes over the global ocean. However,
before using the satellite data in operational forcing experiments, it is necessary to
characterize the oceanic response to the forcing function determined from satellite data, in

order to understand their advantages and disadvantages.

Several studies have analyzed the quality of the satellite turbulent fluxes through comparisons
with fluxes resulting from meteorological analyses/reanalyses or with in situ data (Bentamy et
al. 1999, 2003). Other studies have been devoted to their impact on the oceanic circulation

(Grima et al. 1999; Blanke et al. 2002, 2004). For example, using a Pacific tropical model



forced with ERS1/2 wind stress, Grima et al. (1999) showed a significant contribution of
these winds to the circulation in this region. In addition, Vialard et al. (2001) were able to
describe the major structures of EIl Nifio (1997-1998) using ERS1/2 winds stress. The recent
work of Blanke et al. (2004), which associates the Quikscat winds stress and the interannual
variability of SST in the Benguela upwelling region, suggests a high impact of these satellite
winds in that particular dynamic system.

The analyses mentioned above and others have demonstrated the usefulness of satellite
turbulent fluxes in oceanic simulations focusing mainly on the impact of satellite winds. The
present study, however, focuses on the impact of satellite latent heat fluxes on ocean
simulations. We investigate the quality of the satellite latent heat fluxes by using them in
combination with scatterometer wind stresses to force an oceanic general circulation model.
Even though the oceanic model used here is global, we base our study on the response of the
tropical Pacific Ocean during the three-year period 1996-1998. During this period, validated
winds and latent heat fluxes are available globally with equal space and time resolution. This
period includes large climatic variability in the tropical Pacific due to the very strong 1997-98
El Nifio, which was followed by the strong 1998-1999 La Nifia (Wang and McPhaden 2001,
Vialard et al. 2001, Picaut et al. 2002, Mestas-Nufiez et al., 2006). The TAO buoy network
allows assessing the simulation quality of the simulations through comparisons between the

oceanic model results and the buoy measurements.

The organization of this paper is the following: in section 2, we present the satellite turbulent
fluxes, the oceanic general circulation model (OGCM), the sensitivity experiments and the
observations used to evaluate the quality of the simulations. The response of the Pacific
Ocean in the various sensitivity simulations is compared and discussed in section 3. We

summarize our conclusions in section 4.



2. Data and model

2.1 Forcing data

The remotely sensed winds and latent heat fluxes are mainly derived from the scatterometers
onboard the European Remote Sensing Satellites (ERS-1 and ERS-2) and from the
radiometers onboard the Defense Meteorological Satellite Program (F10 and F11). The
methods used to derive the satellite turbulent fluxes are described in Bentamy et al. (2003).
They are based on the bulk aerodynamic formulae that parameterize the wind stress and latent

heat flux:

7= (rx,7y) =P Cpn Uson (Uron.Vion) 1)

Qiatent = 1o Cgp UlOn (Qa10n _QS) (2)
where t is the wind stress vector and z,,zyare its zonal and meridional components,
respectively. Q.. iS the latent heat flux; Ujg, (Uy,,,Vy,,) IS the surface wind speed (zonal
and meridional components); Ys and qa1on are the specific humidity at the sea surface
equivalent to the saturation value at the sea surface temperature and the air specific humidity
at 10-m height, respectively, in kgkg~L; 1 is the latent heat of evaporation in kg7t pis the
air density (kg/ms);CDn and Cg, are the bulk drag and the transfer coefficient for water
vapor, respectively. The subscript(n)refers to neutral stability conditions. The transfer
coefficients (Cp,and Cgp ) are estimated using the Smith et al. (1988) algorithm in the neutral

stability conditions and they are both function of the surface wind speed (U1g,) (Bentamy et

al. 2003). The input variablesUqqp,, daon and sea surface temperature (SST), from which g



is calculated, are estimated from satellite observations (e.g., Bentamy et al. 2002; Bentamy et
al. 2003; Liu and Niiler, 1984; Schultz et al. 1993, 1997).

The study was concentrated on the period when several satellite wind data were available over
the global ocean. During the period January 1996 through December 1998, the ERS-1/2
satellites obtained a single 500-km swath of wind vectors at 50-km resolution, and several
Special Sensor Microwave Imagers (SSMIs) onboard F10 and F11 DMSP satellites provided
wind speeds over 1400-km swaths. The latter provide near surface humidity too. The missing
ingredient, SST, was obtained from the Reynolds and Smith analysis (Reynolds and Smith,
1994).

The quality of the derived surface winds and latent heat fluxes was investigated through
comprehensive comparisons with buoy and ship estimates (Bentamy et al. 2002, 2003). The
remotely sensed flux observations are then used to estimate regular flux fields in space and
time over the global ocean.

The present study employs the weekly-averaged fluxes at 1° x 1° resolution available during
the study period 1996 — 1998. The accuracy of the resulting weekly fields is determined by
comparisons with moored-buoy wind and latent heat flux estimates, which are deployed and
maintained by four different institutions in the Atlantic and Pacific oceans. The agreement between

satellite and in-situ data is good enough to suggest that Q,,., sources are achieving their
accuracy goals. It was found that the satellite weekly z,,zyand Q. exhibited the main

known spatial and temporal characteristics at global and local scales. The local variability of
the three surface parameters is well revealed by the satellite time series in tropical and in
North Atlantic areas (with respect to buoy and ship data). The mean and rms difference
between buoy and remotely sensed flux estimates are quite low.

For instance, in the tropics, the bias values for wind stress and latent heat flux are

0.5x102 N/m?and7 W /m?2, respectively. The corresponding rms values are1.5x10 ™2 N /m?



and29 W /m2. In equatorial Pacific, the bias is—0.8x1072 N/mZand —23W /m? respectively

(see Table 1), and doest not vary much according to the Pacific areas (East, Center or West).

2.2 Tropical Atmosphere-Ocean (TAO) buoy network

To objectively evaluate the various sensitivity simulations in the tropical Pacific, we used the
temperature and current data of the TAO buoy network. The TAO buoys have been deployed
since 1979 and the array has about 70 buoys. They are distributed in the tropical Pacific from
135°E to 95°W and from 8°S to 9°N. For this study, we use data from 16 buoys which
provide sea temperature measurements located at 147°E, 156°E, 170°W, 140°W and 110°W,
and 5°S and 5°N from the surface down to 500 m depth. Current data are available at two
TAO buoy locations, 170°W-0°N and 110°W-0°N and from the surface down to 350 m depth.

The parameters used here are monthly averages calculated from daily estimates.

2.3 Sea surface temperature analysis

Two sea surface temperature (SST) products are used in this study. First daily optimally
interpolated SST data calculated from the Reynolds and Smith (1994) weekly analysis
available at the National Meteorological Center (NCEP) from 1994 to 1998. The SST spatial
resolution is 1° in longitude and latitude on the global ocean. They are indicated as RS94.

The second product is Reynolds and Smith (1994) SST 1994 — 1996 average seasonal cycle

(indicated as <RS94> hereafter).

2.4 Oceanic general circulation model (OGCM)

The OGCM used here is the ORCA model (Delecluse and al. 1993) in its rigid lid version and
in forced mode. This model is explained in detail in Madec et al. (1998) and has global

coverage. The model grid resolution is 2° in longitude, 0.5° and 1.5° in latitude with the



smaller grid size at the equator, and 31 vertical levels: 10m for the first 150m . For depth
between 150m and 500 m the resolution varies between 20m and 150m. The latter lies
between 300m and 500 m for depth higher than 500 m . The time step is 1.5 hours.

The vertical mixing is parameterized using the turbulent Kinetic energy equation (Blanke and
Delecluse, 1993). The lateral diffusion is the same as in Vialard et al (2001). The sea ice is

parameterized by a simple test on the sea surface temperature. This means that a constant heat

flux is imposed in the presence of ice: —2 W /m?in the Arctic and —4 W /m? in the Antarctic.

2.5 Forced ocean experiments

To evaluate the contribution of the satellite wind stress (ERS1/2) and latent heat flux (multi-
satellites) in the oceanic circulation, three experiments have been performed. The first
experiment is used as a reference experiment (EXP1) and is forced with daily ECMWF
analysis fluxes from 1994 to 1999 (wind stress, latent, sensible and radiative heat fluxes and
fresh water fluxes). The net heat flux applied to the ocean surface is as follows:

Qmoset = Qo + K(SST,, —SST,) @)
Where Q, stands for the net budget provided as input for the model and given by

Qo = Qunort + Qiong + Qratent + Qensivte (4)
Qshort » Qrong » Quatent + Qiensinie '€ respectively the net incoming shortwave radiation, net outgoing
longwave radiation, latent heat flux and sensible heat flux. SST,_ is the model sea surface
temperature which is relaxed every 30 days towardSST,.SST,is the daily mean
climatological sea surface temperature estimated from Reynolds and Smith (1994, <RS94>).

K is taken as a constant and equal to— 40 W /m? /K . Even tough K would be overestimated in
some oceanic areas such as the tropical basins where the ocean — atmosphere interactions are

highly sensitive (Oberhiber, 1988; Barnett et al. 1991), its value is kept constant in order to



avoid inconsistent SST estimates (Vialard and al, 2001). To reduce model errors related to the
freshwater estimates (derived from ECMWEF analysis), sea surface salinity (SSS) is relaxed
towards Levitus climatology (Levitus, 1998). However, through this paper the analysis of the
forcing results will not focus on SSS. The initial state (spin-up) of EXP1 is obtained after 10
years of the model integration forced by the daily climatological fluxes for 1994-1996 derived

from ECMWEF analysis.

To evaluate the impact of the satellite fluxes, a second experiment (EXP2) is forced with the
same forcing fluxes of EXP1 but with the ECMWEF latent heat fluxes replaced by daily
satellite estimates computed by interpolation from the weekly fields during the period 1996—
1998. The initial conditions of EXP2 correspond to EXP1 state at December 31, 1995. A third
experiment (EXP3) is performed using both the daily satellite wind stresses and satellite latent
heat fluxes instead of the ECMWEF estimates. The initial conditions of EXP3 are the same as
those of EXP2.

To assess the impact of the weakly-to-daily interpolation methods, weekly wind stress
computed from daily ECMWF analysis is interpolated to daily estimates and compared to the

original ECMWEF daily fields over the tropical Pacific. The mean difference of wind stress is

very small (—0.08x10_2 N /m2) and represents about 2% of the mean wind stress amplitude
(Tablel), whereas the mean bias with the satellite wind stress is about 15%. An additional
experiment was then carried out with this new daily ECMWEF wind stress. The solutions from
this experiment is very similar to EXP1, indicating that choosing daily or weekly ECMWF
does not have a significant impact on the tropical Pacific dynamics in terms of monthly-mean

analysis of the model output.



3. Impact of satellite winds stress and latent heat flux

3.1 Comparison of mean forcing fluxes

The quality of the oceanic simulations should be related to the forcing function used in each
experiment. Figure 1 presents the three years (1996-1998) and zonal averages, (between 30°S
and 30°N) in the Pacific ocean, of the zonal (Figure 1a) and meridional (Figure 1b) wind
stress components, net heat flux (Figure 1c) and net fresh water flux (Figure 1d) applied to the
model, net heat flux absorbed by the model (Figure 1e) and the SST difference (Figure 1f).
We notice that latitudinal ECMWF wind stress (black line) is stronger than the satellite (red
line) (Figure 1la and b). An analysis of the seasonal variability of ECMWF and satellite wind
stresses (figures not shown) indicates that both exhibit the same space variance patterns.
However, the amplitude of the variability of the remotely sensed wind stress is almost
everywhere weaker than the ECMWEF estimates. Within equatorial area, the differences
during 1997 are less than those estimated during 1996 and 1998. Such difference behavior is
related to wind variability and to the bulk parameterization used to calculate wind stress from

surface winds. Furthermore, it is found out that the difference is systematically significant for

nearly all longitudes, with a maximum of about 0.2x1072 N /m? located in western and
central Pacific equatorial area in 1996. Due to wind distribution over the Pacific Tropical
Ocean, zonal wind stress exhibits higher difference (Figure 1a) than meridional component
(Figure 1b).

Both differences between ECMWF and remotely sensed net flux estimates (Figure 1c) and
between E-P estimates (Figure 1d) are closely related to latent heat flux difference. The latter
is probably due to the bulk parameterization used (Smith et al, 1988) to estimate the exchange
coefficient (eq. 2). Indeed, previous studies (Renfrew et al, 2002; Bentamy et al, 2003)

showed that ECMWF exchange coefficient is overestimated compared to Smith model (Smith

et al, 1988). We can notice that the net flux difference reaches a maximum of about 50w / m?

10



in the subtropical area where surface winds are high. Furthermore, this difference varies in
space and time. It is higher during 1996 and 1998, and in the western area reaching 60W Im?,

while in central area it does not exceed 40W /m?2.

3.2 Ocean responses

The results derived from the oceanic forcing experiments are first investigated through the
absorbed surface net flux heat. The net flux absorbed is the sum of the non penetrative heat
flux (includes sensible, latent and long-wave heat fluxes) plus penetrative solar heat flux
which depends of the fraction of solar flux heating that reaches the mixed layer depth (Jelov,

1968). The mixed layer depth is determined using density criterion: the bottom of the first

model level where density is higher than the sea surface density plus 0.05 kg/m3. This

criterion is often used in the tropical simulations (Ayina and Servain, 2003, Vialard et al,
2001). Figure (1e) represents the zonally averaged absorbed heat fluxes derived from EXP1
(black color), EXP2 (blue color), and EXP3 (red color). The three simulations provide
considerable absorption of heat occurring within 10°S and 10°N. However, EXP1 and EXP2
results are higher than EXP3. This difference in response from one simulation to another is
explained by the depth of the mixed layer, which depends on wind stress. Indeed, the heat
absorbed by the mixed layer depends on the fraction of shortwave radiation that reaches the
mixed layer depth. A deep mixed layer should capture the maximum amount of solar
shortwave radiation, while a shallow layer should lose the solar radiation toward subsurface
layers. In the case of EXP3, the ocean loses much heat towards subsurface layers at the
Equator due to a shallower mixed layer associated with the weaker remotely sensed wind
stress. In the equatorial area the difference between absorbed fluxes derived from EXP1 and

EXP2 is quite small. This is also related to the relaxation term (3) yielding to a significant

11



reduction of heat differences. This means that the sea surface temperatures of EXP1 and
EXP2 are underestimated.

The discrepancies between the simulations are first investigated through the comparisons of
the zonal average of the differences between SST resulting from each experiment and
<RS94> SST estimates in Figure 1.f. This figure shows that the SST of EXP1 (black line) is

smaller than <RS94>, which implies a strong relaxing term toward SST higher than 20

W /m? between 20°S and 35°N. It was found that SST biases are larger in the west and the
center of the basin where they are about —1.0°C. In the eastern part of the basin, the SST
derived from EXP1 is in general warmer than <RS94>, which is related to the weakness of
the coastal upwelling in the model. When one replaces the ECMWEF latent heat flux with the

satellite estimates (EXP2 - blue), these biases, from the relaxation term, are reduced and

become lower than 10w /m? between 20°S and 35°N. This corresponds to a difference in
SST of about —0.3°C. When both the satellite winds stress and latent heat flux are used
(EXP3), SST differences are further reduced to about —0.2 °C. This tends to show that the
satellite latent heat flux has an important contribution to the simulation of SST in the tropical
Pacific during this three-year period and especially in the subtropical regions where it
explains a departure from <RS94> of about 0.5°C. The response of the ocean in EXP2 and
EXP3 illustrates a low sensitivity of the tropical Pacific to ERS1/2 winds compared to those
of ECMWEF. The impact of satellite wind stress is considerably lower than the impact of latent
heat flux one (blue line). This is mainly related to the high correlation between satellite and
ECMWF winds (Figure 1). An exception is the area near the Equator where weak ERS1/2 is
associated with a strong SST because of weak equatorial upwelling, and thus also associated
with a cooling of the surface by the relaxation term (Fig. 1.f). However, within 10°S and
10°N, the impact of remotely sensed wind stress is significant. The observed cooling in EXP1

and EXP2 is consistent with the wind stress differences found in 1996 (see section 3.3.2) in

12



western and central regions. The former explains the SST departure of —1.0°C for EXP1 and
—0.5°C for EXP2. EXP3 derived SST exhibits a positive bias along the tropical Pacific
Ocean.

Lastly, beyond £20°, the behavior of the ocean in simulations EXP2 and EXP3 is different
between the north and south areas. In the north (north of 20°N) the simulated temperatures are

slightly warmer than RS94 estimates, whereas they are much warmer in the south (south of

20°S), which implies a strong relaxation term of about — 25 W / m? there.

3.3 Comparisons with buoy measurements
To enhance the comparisons between the three forcing experiments, their oceanic results are
compared to measurements from TAO buoys moored in the tropical Pacific Ocean. The

comparison analyses are focused on the mean and variability of sea temperature and current.

3.3.1 Mean patterns

Figure 2 shows the vertical profiles of the mean temperature (between 0 and 300 m depth) at
TAO moorings located in the western (Figure. 2A), central (Figure. 2A), and eastern regions
(Figure. 2B) of the tropical Pacific. For comparison purposes, the vertical temperature values
derived from the three simulations are interpolated to the TAO buoy locations and time
averaged during the period 1996 — 1998. The averaged buoy vertical profiles, indicated by
dashed line in Figures 2A and 2B, are calculated from 7 buoys in the western and central
areas and from 2 buoys in the eastern area. The black, blue, and red colors indicate the
interpolated vertical profiles derived from EXP1, EXP2, and EXP3, respectively. In general
there is a good agreement between buoy and model estimates, especially between 0 and 100m
depth. The thermocline in the model is at nearly the same depth as in the buoy data. However,
it appears that the model is too diffuse, letting heat escape towards the sub-thermocline layers

and producing subsurface water that is too warm compared to TAO. This problem is slightly
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improved consistent with the results of Menkes et al. (1998). Even though EXP3 provides
some improvement, its derived vertical temperature remains warmer than buoy estimates.
This could be related to the parameterization of the vertical mixing used in the model (Blanke
et Delecluse, 1993). In the west and between surface and 80 m, the temperatures of EXP2 and
EXP3 are closer to the observations (Figure 2A). The thermocline is reasonably represented

and it is located at 120 m depth as illustrated by the standard deviation behaviors (Figure 2A).

In the eastern basin the thermocline is located around 80m (Figure 2B). The rms difference
and correlation coefficients are worse compared to the parameters calculated in the western
area. The RMS values are about 2.0 °C at the surface in the east versus 1.0°C in the west and
the center. The surface correlations are lower and about 70% in the three experiments. This
deterioration may be related to the relaxing term forcing SST towards climatology, whereas
during this period (1997-1998) occurred one of the warmest temperature anomalies of the last
20 years (Wang and McPhaden, 2001). The collocation procedure used to compare buoys and
model results may have some impact on the difference between the two sources. For instance,
in this region the surface winds estimated from scatterometer are underestimated according to
buoy estimates (Dickinson et al, 2001; Bentamy et al, 2002). Such impact is more pronounced
in EXP3 mainly due to weaker remotely sensed wind stress and to the corresponding bulk

parameterization.

The averaged zonal currents are illustrated in Figures 2B, panels d to f. The in-situ current
data are derived from TAO buoys located at the equator at 170°W. The averaged simulation
currents are estimated from the nearest grid points from buoy location and from depth levels
where buoy current are available (the first level is located at 15 m depth). Panel (d) shows
that the model represents in a satisfactory way the vertical structure of current in the center

basin and the same is true for the eastern basin (figure not shown). The main differences are
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found in the first 50 meters, where the differences between various simulations and the
observations are generally higher than 40cm/s. This is due to the model poor representation
of the inversion of the southern equatorial current (SEC) during 1996 and 1998, especially in
the eastern part of the basin (see Figure 4). The model tends to underestimate the under
current in eastern area with a mean value about of 60cm/s while the TAO buoy indicates
90cm/s.

On the other hand, in the central area the vertical structure of the current is sensitive to the
satellite fluxes. EXP3 indicates a slight improvement compared to EXP1 and EXP2. The
correlations (resp. RMS difference) characterizing the comparison between buoy and EXP3
are generally higher (resp. lower) than 80% (resp. 25cm/s) in the first 150 meters. One can
also notice a slight sensitivity of the currents to the satellite latent heat flux. This sensitivity is
found between 50 and 150m where the rms (resp. correlations) of EXP2 are lower (resp.
higher) than those estimated from buoy and EXP1 comparisons. This may be related to the
pressure gradient change, which is deteriorated by the diffusion of heat towards the

subsurface.

3.3.2 Variability

To further analyse the quality of the simulations, the spatial and temporal variability of
temperature and current are investigated through comparisons with buoy measurements
and/or Reynolds and Smith (1994). Both Figures 3A and 3B represent the time evolution of
the averaged water temperature at 50 m depth and of some diagnostic parameters calculated
over oceanic areas in western and central tropical Pacific, respectively. It shows that in 1996,
the temperature in the mixing layer is high in the western part of the basin (with values
exceeding 29.5°C) but it is low in the central region where it varies between 24 with 26 °C.

Early in 1997, the temperature drops in the western part of the basin until about 28°C in

15



February 1998. The temperature increases quickly on the other hand in the central part of the
basin to reach its maximum (29 °C) at the end of 1997. The interannual anomalies of
temperature in these areas are about 4 °C (Wang and McPhaden, 2001). Then in April 1998,
the temperature is heated again in the western tropical Pacific reaching 29.5°C and falls

quickly in the eastern (22 °C) and in the central (26 °C) regions.

The events El Nifio of 1997-1998 and La Nifia of 1998-1999 are clearly depicted through
these time series. These events are known and were described by many authors (see for
instance McPhaden 1999, Wang and Weisberg 2000, Wang and McPhaden 2001). In spite of
the fact that the model was relaxed towards the seasonal climatology of Reynolds and Smith
<RS94>, it restores quite well features of these events during the period 1996-1998. The
warming during 1996 and the cooling during 1997-1998 in the west as well as the warming
during 1997 in the center of the basin are all well retrieved. Table 2 summarizes the
interannual variation and correlations between RS94 and the simulation interannual anomalies
of the mixing layer temperatures in the western and central areas. Statistics calculated in the
eastern area are provided too. The best statistical parameters are found for RS94 and EXP3
comparisons. The latter provides interannual anomaly features that are very similar to the
observations, especially in the western and central areas where the correlation exceeds 80%
and the variance is comparable to RS94. The impact of the latent heat flux is mainly
significant in the western and central basins, where the correlation increases from nearly 70%
to 86%. Again in the eastern area the statistics are slightly poorer than in the two previous

regions.

To further analyze the physical mechanisms involved in the model response to the impact of
satellite turbulent fluxes, the temporal features of the main forcing terms controlling the

temperature in the mixed layer are investigated. Figures 3A and 3B show the averaged time
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series of temperature at 50 m depth (a), zonal wind stress (b), isotherm 20°C depth (Z20) (c),
latent heat flux (d), relaxing heat flux (RHF) (e), applied fluxes at surface (net heat flux and
relaxation flux term) (f), calculated at buoy locations in western and central areas,
respectively. In 1996, the ECMWF zonal wind stress exhibits high values over the whole
equatorial Pacific basin, with a maximum in the central region. In response, the western
gradient of Z20 is quite evident. The western and central thermocline is found at 200m and
160m, respectively. The interannual anomalies of the tendency term of the mixing layer
temperature indicates (table 3) a strong activity of vertical processes (-1.0°C/month in central
Pacific) but also meridional advection (-0.15°C/month in western Pacific), yielding to a
strong cooling of the surface in these areas. In parallel, the strong cooling of the surface (Fig
3A.d) by ECMWEF evaporation leads to a weak mixed layer temperature in EXP1 lower than

the <RS94> climatology. Therefore, the relaxing term tends to erase such departures from
climatology by applying significant quantity of heat about 50 W /m? in the west and 100

W /m? in the Center (Fig 3Ae). The Figures (3A and 3B) indicate that the use of remotely
sensed heat flux within (EXP2) leads to less cooling of the 50m temperature (Figure 3A.a and
Figure 3B.a) and, as expected, to lower relaxing heat flux than in EXP1 (Figure 3A.e and
Figure 3B.e). However, the difference between the vertical Z20 derived from EXP1 and
EXP2 is quite negligible. The latter is more significant when satellite wind stress and latent
heat flux are used together (EXP3) implying a low depth of Z20. The temperature increase,
compared to the two previous experiments, is a result of the vertical processes and low

satellite evaporation. The relaxation flux impact is quite small and its values are about

5W /m?2 in western and 20 W /m?in central regions.

In the western area the wind stress weakens by the end of 1996, and exhibits high easterly

winds early in 1997. The oceanic response indicates that Z20 level reaches its minimum late
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in 1997 in the westerns as well as in the central regions. The surface currents (Figure 4) are
reversed and leading advection of hot water from the warm pool towards the east. The
temperature increases from about 27 °C t028.5 °C (EXP3) in the central zone (Figure 3B.a).
However, the three simulations exhibit smaller temperature differences during 1997 than
during 1996. This is in connection with the lower differences between ECMWF and satellite
wind stress and latent heat fluxes, especially in the central area. During 1997 the relaxation
heat flux is slightly requested (see Fig 3A and B, panel f). The vertical processes were also
very weak (+ 0.20°C/month). Although the model retrieves well the temperature increase of
1997-1998 (especially in the central area), it does not restore the drop of the temperature 4
months before the observations. Both Figures 3A (e) and 3B (e) suggest that the relaxing heat

flux tends to minimize the temperature increase for this period. Indeed, at the end of the

1997, the relaxing flux inflects on the ocean a negative heat of about —90W /m? in the
central basin, which in turn constrains the model to set out towards the temperature of the

season (cooling).

In addition, it is also noted that in the three simulations Z20 rise to the surface, whereas the
SST is hot in the east and in the center of the basin. These results are in good agreement with
Wang and McPhaden (2001), even though the rising rate is not weak in the center and
especially in the east areas. The coupling between the strong winds with Z20 close to the
surface combined with a strongly relaxing negative flux are the main causes explaining the

early cooling of the surface in the three experiments.

4. Summary and Conclusion

Forcing an oceanic general circulation model with surface fluxes and comparing the results of
the simulations with observations is a valuable method to evaluate the quality of the fluxes.

The findings of this study support the assumption of several operational oceanic programs
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(e.g. the European MERCATOR, MERSEA and MFSTEP), which consider that using
satellite fluxes to complement or substitute surface atmospheric analyses (like ECMWF) can
improve their simulations of the thermal structure and the upper ocean circulation. In this
paper, we used the ORCA model of the LODYC to evaluate, through the response of the
ocean forced by satellite wind stress and latent heat flux (evaporation) as well as ECMWF
atmospheric analyses the quality of satellite turbulent fluxes.

We focused on the response of the equatorial Pacific Ocean during the period 1996-1998.
The oceanic responses (temperature and current in the first 500m) are compared with in-situ
data derived from TAO buoy and with Reynolds and Smith (1994) SST time series. We
described the temperature and ocean current responses of the upper tropical Pacific Ocean
during 1996 - 1998. The results were compared with observations from the TAO buoy
network and the SST de Reynolds and Smith (1994).

We showed that the ORCA model is able to reproduce the mean structures and the interannual
evolution of the main variables in the equatorial Pacific, from the surface through 500m depth
during the period 1996-1998. The model exhibits a good agreement with observations and
with previously published studies. For instance the mean values of the total zonal and
meridional advection, forcing, and subsurface tendency contribution to the SST budget match
results obtained by Wang and McPhaden (1999) and by Vialard et al. (2001). Similar good
agreement is found for the interannual anomalies of these terms during 1996-1998 period.
Furthermore, the implied zonal advection in El Nifio is in agreement with the conclusion of
Picaut et al. (2001).

The relaxation term of SST which represents the feedback between the ocean and atmosphere
in a forced simulation where atmosphere is prescribed, shows clearly that the forced ocean
with satellite turbulent fluxes (the latent heat flux and particularly when they are associated

winds ERS1/2) provides better results, when compared to observation, than ECMWF forcing

19



experiments. The sensitivity simulations show that the experiments forced only by satellite
turbulent fluxes (wind stress and latent heat flux (EXP3)) reveals the closest features with
respect to observations in terms of mean as well as in terms of interannual variability. This
study also indicates that on average the wind stress fields modifies the averaged mean vertical
structure of temperature and currents, and thus contributes to enhance the issue related to the
diffusion excess meets oceanic model as ORCA (as in Menkes et al.1998).

In spite of these good agreements, several drawbacks are found. For example, the
temperatures and then their anomalies in the central and eastern parts of the tropical Pacific
are weaker during the 1997-1998 El Nifio. This result is connected to the relaxation term
constraining the model to the seasonal temperature. The end of 1997-1998 El Nifio four
months earlier in the model compared to the observations is also related to the relaxation
term. Some weakness of the model temperature can also be due to the excess evaporations
and weak solar fluxes in the ECMWF analysis. Indeed, the net heat flux is dominated by the
compensation between these two fluxes, and therefore an unspecified error in one of them
leads to a departure of the oceanic response compared to the observations. This study shows
that the relaxation term balances the weakness of the model and of the exchanged surface
fluxes. Indeed, in the eastern equatorial Pacific, the thermal structure of the upper ocean
forced by the winds and latent heat flux corresponds very well with those from TAO. In the
west, the biases of SST with respect to TAO are almost five times larger when the ocean is
forced by ECMWEF turbulent fluxes. These results underscore the importance of forcing
oceanic general circulation models with satellites turbulent fluxes. They also demonstrate that
it is desirable to use a wind stress that is consistent with the latent and sensible heat fluxes.
We plan to continue this work of evaluation of satellite fluxes by testing the new wind

products from QuikScat and their associated heat fluxes.
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Table List.

Tablel. Mean values of the wind stress amplitude and latent heat flux (LHF) from ECMWF.
The bias characterizing the comparisons between ECMWF and satellite products (SAT, wind
stress and latent heat flux), and between ECMWF and the New ECMWF (NECMWF, wind
stress) in the entire, western (160°E-180°W), central (170°W-140°W) and eastern (130°W-
110°W) Pacific, between 5°S and 5°N. The NECMWF refers to the daily fields interpolated

from the weekly average. The units of wind stress and latent heat flux are1072 W /m?and

W /m?, respectively.

Table2. Statistical parameters (interannual standard deviation (°C)/correlations (%))
characterizing the comparisons between simulations and Reynolds and Smith (1994)
temperature in the western (160°E-180°W), central (170°W-140°W) and eastern (130°W-
110°W) Pacific, from 2°S and 2°N

Table3. Estimates of total zonal and meridional advection, forcing, and subsurface tendency
contribution to the SST budget at West (A) and Central Pacific (B). The mean value is 1994-
1996 average, and others two values respectively correspond to the interannual anomalies in
1996 and EI-Nifio 1997-98 period.
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Figures Captions.

Figure 1. Comparison of three-year means of relevant variables in the simulations: zonal (a)
and meridional (b) wind stress from ECMWF analysis (black line) and ERS1/2 (red line); net
heat flux (c) and net fresh water flux (d) when all components are from the ECWMF analysis
(black line) and when the latent heat flux is derived from satellite measurements (red and blue
lines);the absorbed heat flux of the three simulations (e) and the difference of their SST with
the values of Reynolds and Smith (1994, <RS94>) (f) for EXP1 (black), EXP2 (blue) and
EXP3 (red).

Figure 2A. Comparison between simulations and TAO, averaged over 1996-1998: (a) the
vertical temperature structure, (b) rms difference of temperature, (c) — correlation of the
temperature, at west Pacific (156°E -180°W, 5°S-5°S). (d), (e) and (f) represent the same
characteristics at central Pacific (170°W — 140°W, 5°S-5°N). The black-dotted line is TAQ,
the black solid line is EXP1, the blue line is EXP2 and the red line is EXP3.

Figure 2B. Comparison between simulations and TAO, averaged over 1996-1998: (a) the
vertical temperature structure, (b) rms difference of temperature, (c) — correlation of the
temperature, at East Pacific (140°W -110°W, 5°S-5°S). (d), (e) and (f) represent the same
characteristics but for the zonal current at central Pacific (170°W — 140°W, 5°S-5°N). The
black-dotted line is TAO, the black solid line is EXP1, the blue line is EXP2 and the red line

is EXP3. The orange line is the simulation with the satellite wind stress increased by 50%.

Figure 3A. January 1996 to December 1998 evolution in the western tropical Pacific : (a)
50m mean temperature, (b) ECMWEF (black) and satellite (red) zonal wind stress, (c) 20°C
isotherm depth (m), (d) ECWMF (black) and satellite (red) latent heat flux (LHF), (e) relaxed
heat flux (RHF), and (f) the net heat flux applied to the ocean surface (NHF+RHF). In the (a)
the dotted line represent TAO temperature. In the (a), (c), (e) and (f), the black line indicates
EXP1, the blue line EXP2, and the red line EXP3.

Figure 3B. January 1996 to December 1998 evolution in the central tropical Pacific : (a) 50m
mean temperature, (b) ECMWEF (black) and satellite (red) zonal wind stress, (c) 20°C
isotherm depth (m), (d) ECWMF (black) and satellite (red) latent heat flux (LHF), (e) relaxed
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heat flux (RHF), and (f) the net heat flux applied to the ocean surface (NHF+RHF). In the (a)
the dotted line represent TAO temperature. In the (a), (c), (e) and (f), the black line represents
EXP1, the blue line EXP2, and the red line EXP3.

Figure 4. January 1996 to December 1998 evolution of zonal current in the central tropical

Pacific : the dotted line represents TAO, the black line EXP1, the blue line EXP2, the red line

EXP3, and the orange line is when the satellite wind stress is increased by 50%.
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Table 1. Mean values of the wind stress amplitude and latent heat flux (LHF) from ECMWF.
The bias characterizing the comparisons between ECMWF and satellite products (SAT, wind
stress and latent heat flux), and between ECMWF and the New ECMWF (NECMWF, wind
stress) in the entire, western (160°E-180°W), central (170°W-140°W) and eastern (130°W-
110°W) Pacific, between 5°S and 5°N. The NECMWF refers to the daily fields interpolated

from the weekly average. The units of wind stress and latent heat flux are1072 W /m?and

W /m?, respectively.

mean/bias Global West Centre East
mean wind stress 5.2 50 6.0 45
(ECMWEF)
SAT - ECMWF -0.8 -0.8 -0.9 -0.7
NECMWF-ECMWF -0.08 -0.1 -0.08 -0.07
mean LHF (ECMWF) -152 -162 -156 -132
SAT -ECMWF -23 =21 27 24
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Table 2. Statistical parameters (interannual standard deviation (°C)/correlations (%))
characterizing the comparisons between simulations and Reynolds and Smith (1994)

temperature in the western (160°E-180°W), central (170°W-140°W) and eastern (130°W-
110°W) Pacific, between 2°S and 2°N.

Variance/Correlation West Centre East
Reynolds/Smith (RS94) 0.90°C 2.1°C 24°C
EXP1 0.78°C/0.68 1.2°C/0.77 | 1.3°C/0.65
EXP2 0.81°C/0.86 1.4°C/0.80 | 1.5°C/0.69
EXP3 0.91°C/0.95 1.9°C/0.85 | 2.0°C/0.75
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Table3. Estimates of total zonal and meridional advection, forcing, and subsurface tendency
contribution to the SST budget at West (A) and Central Pacific (B). The mean value is 1994-
1996 average, and others two values respectively correspond to the interannual anomalies in
1996 and EI-Nifio 1997-98 period.

(A) West Pacific
Tendency
(°C/months) Zonal Meridional Forcing Subsurface
Mean value -0.37 0.04 0.69 -0.31
anomalies 0.10 -0.15 0.40 -0.15
EXP1
0.50 0.00 -0.80 0.20
0.01 -0.15 0.50 -0.25
EXP2
0.50 0.00 —-0.60 0.30
0.30 -0.10 0.02 0.10
EXP3
0.50 -0.01 -0.60 0.30
(B) Central Pacific
Tendency
(°C/months) Zonal Meridional Forcing Subsurface
Mean value -0.13 0.10 1.66 - 1.65
anomalies 0.20 -0.10 0.50 -1.00
EXP1
0.30 0.20 -1.20 1.20
0.30 -0.10 0.60 -1.10
EXP2
0.30 0.22 -1.25 1.20
0.10 -0.20 -0.05 0.50
EXP3
0.30 0.18 -1.25 1.25
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Figure 1. Comparison of three-year means of relevant variables in the simulations: zonal (a)
and meridional (b) wind stress from ECMWF analysis (black line) and ERS1/2 (red line); net
heat flux (c) and net fresh water flux (d) when all components are from the ECWMF analysis

(black line) and when the latent heat flux is derived from satellite measurements (red and blue
lines);the absorbed heat flux of the three simulations (e) and the difference of their SST with
the values of Reynolds and Smith (1994, <RS94>) (f) for EXP1 (black), EXP2 (blue) and

EXP3 (re

d).
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Figure 2A. Comparison between simulations and TAO, averaged over 1996-1998: (a) the
vertical temperature structure, (b) rms difference of temperature, (c) — correlation of the
temperature, at west Pacific (156°E -180°W, 5°S-5°S). (d), (e) and (f) represent the same
characteristics at central Pacific (170°W — 140°W, 5°S-5°N). The black-dotted line is TAQO,
the black solid line is EXP1, the blue line is EXP2 and the red line is EXP3.
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Figure 2B. Comparison between simulations and TAO, averaged over 1996-1998: (a) the

vertical temperature structure, (b) rms difference of temperature, (c) — correlation of the
temperature, at East Pacific (140°W -110°W, 5°S-5°S). (d), (e) and (f) represent the same
characteristics but for the zonal current at central Pacific (170°W — 140°W, 5°S-5°N). The
black-dotted line is TAO, the black solid line is EXP1, the blue line is EXP2 and the red line
is EXP3. The orange line is the simulation with the satellite wind stress increased by 50%.
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Figure 3A. January 1996 to December 1998 evolution in the western tropical Pacific : (a) 50m
mean temperature, (b) ECMWEF (black) and satellite (red) zonal wind stress, (c) 20°C
isotherm depth (m), (d) ECWMF (black) and satellite (red) latent heat flux (LHF), (e) relaxed
heat flux (RHF), and (f) the net heat flux applied to the ocean surface (NHF+RHF). In the (a)
the dotted line represent TAO temperature. In the (a), (c), (e) and (f), the black line indicates
EXP1, the blue line EXP2, and red line EXP3.
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Figure 3B. January 1996 to December 1998 evolution in the central tropical Pacific : (a) 50m
mean temperature, (b) ECMWEF (black) and satellite (red) zonal wind stress, (c) 20°C
isotherm depth (m), (d) ECWMF (black) and satellite (red) latent heat flux (LHF), (e) relaxed
heat flux (RHF), and (f) the net heat flux applied to the ocean surface (NHF+RHF). In the (a)
the dotted line represent TAO temperature. In the (a), (c), (¢) and (f), the black line represents
EXP1, the blue line EXP2, and the red line EXP3.
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Figure 4. January 1996 to December 1998 evolution of zonal current in the central tropical
Pacific : the dotted line represents TAO, the black line — EXP1, the blue line EXP2, the red
line EXP3, and the orange line is when the satellite wind stress is increased by 50%.
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